This paper considers the estimation of the three-parameter raindrop size distributions in Durban, South Africa. The two models-modified gamma and lognormal distribution models compare reasonably well with the measured data and are both suitable for the modeling of raindrop size distributions in the region and for computation of specific attenuation. The method of moments is adopted for the estimation of the parameters. The models are compared with the ITU-R model at frequencies of 2-150 GHz. From the performance analysis of the estimated error, the deviations of the models from the measured data are minimal. The three-parameter lognormal distribution model however gives a better performance when compared with the modified gamma distribution model and the ITU-R.
Introduction
Atmospheric phenomena affecting the attenuation at microwave frequencies and also constitutes a major concern to network planners and service providers include cloud, fog, ice depolarization, sky noise, and rain. Of all these, rain attenuation was found to produce severe influence on radio waves at high frequencies above 10 GHz [1, 2] . The understanding of the (rain) drop size distribution (DSD) models is essential in the measurement and estimation of radio waves attenuation due to rain. Several researchers and authors have revealed that raindrop size distribution modeling is region dependent [3] [4] [5] .Raindrops size distributions in the temperate regions (light rainfall region) have been shown to have a negative exponential distribution of the form of Marshall and Palmer (M-P), 1948, Joss et al., 1968, Moupfouma and Tiffon, 1982 and two-parameter gamma distributions.The Ajayi and Olsen, 1985, Ajayi and Adimula, 1997 lognormal distribution models better describe the drops size distributions in the tropical regions characterized by heavy rainfall. In this paper, we analyze the threeparameter raindrop size distribution models which are the modified gamma and lognormal DSD models using the disdrometer data in Durban (29 0 52'S, 30 0 59'E); a subtropical location in the eastern coast of South Africa with immense maritime influence over its climate. A comparison is made for specific attenuation derived from these two models.
The three-parameter distribution models are more flexible than two-parameter models in the measurement and estimation of raindrop sizes variability and ensures high representability of the experimented measurements [6] . The raindrop size distribution is related to the rain rate by the integral expression in (1) as [7] :
where R is the precipitation rate in mm/hr, v(D i ) is the terminal velocity of Gun Kinzer [6] in m/s, and ( ) is the number of drops per unit volume with diameter intervals between D and D+dD and D i is the raindrop diameters in mm. Equation (1) must not be violated by any DSD as it translates the principles of conservation of the raindrops. The specific attenuation A s due to rain is expressed by [8] as (2) :
where S(0) is the forward scattering functions of dielectrics of spherical raindrops to be evaluated using the work of [9] and λ (m) is the wave length. Olsen et al., [10] further approximated (2) in a power law as a function of rainfall rate by (3):
where a and b are the coefficients that depend on rain rate, temperature, polarization and canting angle. We used the MATLAB software for the computation of the coefficients in this paper.
Theoretical Background and DSD Measurements
Measurements of DSD are not too easy and not frequently performed like the rain rate measurements. One of the earlier measurements was based on electromechanical disdrometer developed by Joss and Waldvogel in 1967. A disdrometer measures the raindrop size distribution at a point along the radio path, based on an electro-dynamical receptor which changes the impulse of a falling raindrop into an electrical signal. The sampling time T of the disdrometer is 60 seconds with the sampling area of 0.005m 2 . Measurement used for the modeling and analysis in this paper was obtained from the J-W RD-80 disdrometer readings installed in September 2008 at the rooftop of the School of Electrical, Electronic and Computer Engineering, University of KwaZulu-Natal, South Africa. Sample data obtained from the disdrometer over a period of about 3 years (October 2008 to December 2010) are above 80,000 samples. The minimum and maximum rainfall rates are 0.003 and 117.148 mm/hr respectively. Sum of drops less than 10 were ignored from the data samples and a total of 58,753 data samples and total sum of drops of 14,229,955 were used for analysis. It should be mentioned that equipment outages were observed during measurements but were very minimal.
The raindrop size distribution is estimated from the disdrometer data as adopted by [11] using (4):
where n j is the number of drops measured in the drop-size class, T is the one-minute sampling time in 60s, A is the measurement area of the disdrometer which is given as 0.005m 2 .
The work in Southern Africa has been done by several authors. In Durban, Owolawi [12] in 2006 determined the M-P parameters for Durban and defined the intercept parameters (the drop density per unit volume), N o . In his findings, he established a power law relation for the intercept given by with a 1 and a 2 estimated as 1500 and 0.26 respectively. The Mie scattering method and the dielectric model of Liebe was used by [13] to estimate the scattering coefficients and rain attenuation distribution for four areas in Botswana, using different values of rain rate R 0.01 for four selected areas between the frequency ranges of 1-1000 GHz. In their findings, the extinction coefficients depended more significantly on temperature at the lower frequency range than at the higher ranges for the lognormal distribution model. The specific rain attenuation variability, for Botswana at 5-1000 GHz was also estimated. The forward scattering amplitudes for spherical drops for all raindrop sizes at different frequencies was determined by [14] using the Mie scattering approach. The real parts of the extinction cross-sections were used to generate appropriate models at different frequencies. These parameters were integrated over different established DSD models to formulate the appropriate rain attenuation. The models used included the lognormal distribution model, the negative exponential, and Weibull distributions. .
DSD Moments and Parameters Estimation
Parameter estimation is a fundamental problem in data analysis. The parameterization of raindrop size distribution is significant for the interpretation of radar and meteorological measurement and the estimation of radio wave due to rainfall. Generally, the measured DSD can be estimated by (5) as:
where N T is the total number of raindrops for all sizes which depends on climates, geographical location of measurements and rainfall type and f*(D) is the density function. The analytical gamma distribution was initially proposed by Atlas and Ulbrich [15] and expressed in the form of (6) as:
) indicates the raindrop concentration of DSD otherwise called the scaling parameter, µ (unitless) is the shape parameter, and Ʌ is the slope parameter in mm -1 . While the shape parameter does influence the slope of the distribution at larger diameter bound, it contributes largely on the curvature of the distribution at small diameters. The gamma distribution is particularly useful in tropical climate regions where the exponential distribution was found to be inadequate [5, 15] . The lognormal distribution model was proposed primarily for the tropical rainfall. The model is expressed in the form of (7) as:
where µ is the mean of ( ), σ is the standard deviation which determines the width of the distribution. One unique feature of the lognormal distribution is that N (D) approaches zero as the drop diameter tends to zero. This model was found adequate and suitable for the modeling of drop size distribution in the tropical regions characterized with heavy rainfall The method of moments as used by [5] is adopted in this paper. The method uses the definition of the RDSD moments of regression techniques. For the n-th moment, M n is adopted from [5, 16] as:
The input parameters, N o and Ʌ of the gamma distribution are estimated from the methods of [15, 16] and the parameters are computed from the disdrometer data as:
where M 3 , M 4 , and M 6 are moment functions derived from the third, fourth and sixth moment of regression respectively. The value of µ in the three parameter distribution has a large influence on the shape of the DSD at small raindrop sizes. The works of [16, 17] which set the values of the shape parameter between 0 and 20 is adopted in this paper and the µ parameter was taken as 2.
The parameters No and Ʌ are fitted to rain rates using the power-law curves. The estimated parameters for Durban using (8) (9) (10) (11) (12) are given as (13) with µ chosen as 2: (13) Using the method of moments regression of (8) as adopted by [3] for the lognormal distribution model of (7), we have:
The input parameters N T , µ and σ 2 are derived from (14) according to [1, 3] as: 4 and L 6 are considered the natural logarithms of the measured moments M 3 , M 4 and M 6 . The relationships between the input parameters N T , µ and σ 2 are expressed by (18) . The solutions as given by (15) (16) (17) are statistically fitted with rain rate. Fig.1 shows the two proposed models for Durban, South Africa using the parameters in (13, 19) with the measured data at rain rates of 3.41 mm/hr and 46.14 mm/hr respectively.Generally, the two models perform well with the measured data but the three-parameter lognormal model performs better at high rain rates which is more relevant for network planning. At both low and high rain rates, the modified gamma distribution model over-estimates the measured data with minimal deviation from the lognormal model around the 1mm to 2mm diameter region. However, at low rain rates, the three-parameter modified gamma model performs better than the lognormal model in Durban.The lognormal model underestimates the measured data in the diameter region between 1mm to 1.5mm at low rain rates. At high rain rates however, the lognormal model performs better when compared with the modified gamma. In general, the two models appear to be suitable for modeling of raindrops at the lower diameter regions in Durban.
Results and Discussions

Comparison of DSD models
Comparison of the specific attenuation
The specific attenuation is a function of frequency and temperature. The specific attenuation will therefore vary with frequency. The variation of the specific attenuation at different frequencies between 2-150 GHz with critical rain rate R of 65 mm/hr is shown in Table 1 . The lognormal and gamma models compare favourably well with the measured data up to frequency of about 60 GHz. At frequency above 70 GHz, the two models overestimate the measured data. A larger deviation is observed at frequency of 150 GHz at the same rain rate. Using the average rain rates of 3.41 mm/hr and 46.14 mm/hr, the models are compared with the ITU-R model at frequencies of 15 GHz and 100 GHz as shown in Fig.  2 .We noted that the specific rain attenuation of the two models at both selected frequencies is very close. The ITU-R leads to more attenuation at both frequencies but more noticeable at the 15GHz frequency when compared with the two models.
Root Mean Square Error
The root mean square error is expressed in (20) as:
where ̂( ) is the measured data obtained from the disdrometer using (4), ( ) is the modelled data and n is the number of classes or channels considered. Using (20) , the RMS error of Table 2 is obtained. It can be observed that there is a minimal deviation error between the two models (lognormal and gamma). At high rain rates of 70mm/hr and above, the ITU-R model performs better with minimal error when compared with the two models. 
Conclusion
Three-parameter raindrop size distribution models are presented based on the measurements taken in Durban for a period of about 3 years. The lognormal model gives a better fitting and performance when compared with the modified gamma distribution model and at different frequencies; it also performed better with low and high rain rates. It is therefore suitable for the modeling of raindrop size distribution in the region. The threeparameter gamma distribution is equally adequate for the modeling of drop size distribution in the region as the error deviation is minimal especially at low rain rates when compared with the lognormal distribution model. The method of moments is also appropriate for the derivation of the parameters used for the analysis. The ITU-R model seems to be better for the planning engineers. 
